populations of H. armigera to the pyrethroid, fenvalorate, has been particularly well studied. 76
Introduced in the late 1970s, resistance to fenvalorate became established in Australia within six 77 years and is now extremely common around the world (McCaffery 1998). The mechanism was 78 identified as a chimeric P450, CYP337B3 (Joußen et al. 2012) , and subsequent analysis has identified 79 a number of different haplotypes associated with geographic localities that imply independent 80 evolutionary events and should be useful for inferring population structure (Walsh et al. Recently developed molecular methods have been used to increase ability to identify population 83 structure by massively increasing the number of markers available for analysis (Andrews et al. 2016) . 84
In particular, genotyping by sequencing (GBS) methods such as restriction associated DNA 85 sequencing (RADseq), offer a powerful means for identifying genetic variation associated with 86 specific phenotypes (Davey et al. 2011) . These data, especially when mapped to a reference genome, 87 have proven to be capable of identifying candidate genotype-phenotype associations and are 88 underpinned by a series of increasingly sophisticated analytical tools ( Given the technological developments within the field of molecular ecology, and in light of recent 91 developments concerning the spread of H. armigera, we have used contemporary sequencing 92 methods in an attempt to resolve H. armigera population structure and gene flow across the globe. 93 We use high-throughput sequencing data for H. armigera and several other Heliothine species to 94 Harm-COI-F02/R02 and Harm-Cytb-F02/R02. PCR products were sequenced at Macrogen (Seoul, 118 Korea) and the Biological Resources Facility (Australian National University, Canberra, Australia). 119
Assembly of DNA trace sequences was performed using CLC Genomics Workbench v. 8.0 120 (www.clcbio.com). 121
Genotyping by Sequencing 122
GBS library preparation and sequencing was outsourced to Cornell University. Information regarding 123 the samples used and sequencing output is recorded in the supplementary material (Table S1) . 124
Briefly, 50 ng of gDNA was digested using PstI, before being sequenced using an Illumina Hiseq. A 125 negative control was included with each plate. Raw data were assessed for quality and processed 126 using Stacks v. 1.30 (Catchen et al. 2013b ). Briefly, process_radtags was used to demultiplex samples, 127 trim to 90 bp and assess the quality of reads before being forwarded to denovo_map, which was run 128 using default settings. The Populations module was then run, limiting the output to loci existing in at 129 least 5% of the population with at least 5x coverage. The Populations module was used to output 130 SNP data in Plink and Structure formats, the latter of which was limited to handling a single SNP per 131 locus, chosen at random to account for linkage. Population level statistics were calculated using the 132 Populations module and included pairwise F ST , which was summarised using PCA conducted in 133 Minitab v. 1.7 (www.minitab.com). Minitab was also used to calculate Pearson's correlation 134 coefficient between principle components and missing data. For these analyses, two discrete 135 samples of H. zea were defined based on their sample collection date being either putatively before 136 or after the invasion of H. armigera (denoted as "Brazil zea" and "Brazil zea 2", respectively). 137
Whole Genome Sequencing 138
Nextera libraries were produced following the manufacturer's instructions and sequence was 139 generated as 100 bp PE reads (Illumina HiSeq 2000, Biological Resources Facility, Australian National 
Mitochondrial genome assembly and analysis 143
Raw sequence reads obtained from whole genome sequencing were aligned to the H. armigera 144 mitochondrial genome using BBMap v. 33.43 (http://sourceforge.net/projects/bbmap/), permitting a 145 minimum identity of 0.6 and allowing for a minimum quality threshold equivalent to Q10 over two 146 consecutive bases before reads were trimmed. Reads were assembled using mira v. 4 (Chevreux et 147 al. 2004 ) before mitobim v. 1.7 (Hahn et al. 2013 ) was used to iteratively map and assemble whole 148 mitochondrial sequences. Heterozygous bases were removed, sequences were aligned using MAFFT 149 v. 7.017 (Katoh 2002 ) and sequences were trimmed using the Gblocks v. 0.91b online server 150 (http://molevol.cmima.csic.es/castresana/Gblocks_server.html) (Talavera & Castresana 2007) . 151
Statistical selection of nucleotide substitution models were estimated using jModelTest and the SYM 152 model was implemented. A phylogenetic tree was then estimated using MrBayes v. 3.2.2 (Ronquist & 153 Huelsenbeck 2003) via Geneious v. 8.1.7 (www.geneious.com), using a GTR substitution model as 154 identified in jModelTest v. 2.1.7 (Posada 2008) . Run parameters were: a chain length of 1,100,000 155 and a burn-in length of 100,000 over 4 heated-chains (chain temp 0.2). Pairwise nucleotide distance 156 between species was measured using default parameters in MEGA v. 6.0 (Tamura et al. 2013 (accessions in supplementary document), using BBMap. Reads were trimmed when quality in at least 166 2 bases fell below Q10. Only uniquely aligning reads were included in the analysis, to prevent 167 spuriously inferring evolutionary processes occurring independently on each BAC. Outputted BAM 168 files were sorted before duplicate reads were removed and files were annotated with read groups 169 using Picard v. 1.138 (http://picard.sourceforge.net). BAC reference sequences were indexed using 170 2005). The optimal K for each analysis was implemented in a final run (100,000 burn-in, 100,000 data 186 collection) and results were plotted using Distruct2.pl (https://githum.com/crytpic0/distruct2). 187 Separate analyses focusing on all H. armigera populations (6,713 loci), and then on H. armigera accompanied by a Z-score that is considered to be significant when greater than three times its 211 standard error. Individuals of Helicoverpa punctigera were included in the GBS sequencing and serve 212 
Results

229
Mitochondrial phylogeny 230
After aligning and removing sites with missing data, 12,248 bp of the 15,539 bp full length reference 231 genome was used to infer phylogenetic relationships (Fig. 1) . Phylogenetic analysis of the data 232 demonstrates that we are clearly capable of determining species-level membership of various 233 individuals included in this analysis, and faithfully follows the tree determined by Cho et al. (2008) . 234 (Fig. 2) . Inferences of gene flow between populations (i.e. Φst; Table S4 ) 242 broadly support the haplotype network. Principle components 1 and 2 account for a total of 65.59% 243 of the variation in the data and demonstrate differentiation between H. armigera from Australia and 244
New Zealand from other populations (Fig. 3) . In support of this, AMOVA implicated strong, significant 245 genetic structure, with 74.15% (P < 0.00001) of the variance apportioned among populations and 246 25.85% apportioned within (Fig. S3) . 247
Inference of population structure using de novo GBS 248
Principle coordinate analysis 249
Genotyping by sequencing (GBS) data from populations of H. armigera, H. zea and H. punctigera 250 were used to determine if genetic variation from across the nuclear genome could provide insight 251 into population structure and gene flow. Using data from 14,548 loci, 21,043 SNPs were used to 252 reveal improved resolution in population structure and gene flow relative to mitochondrial data ( Fig.  253 4). The first two eigenvalues are significant as inferred by the Tracy-Widom test (P ≤ 3.1 x10 -23 ), with 254 the greatest variation (6.61%) demonstrating a distinction between H. armigera and H. zea, while the 255 second PC (1.89%), defines two discrete groups of H. armigera. This likely reflects H. armigera 256 subspecies, H. armigera armigera ("Rest of World") and H. armigera conferta (Australia), as 257 described by Matthews (1999) . H. armigera armigera populations cannot be resolved into 258 cluster, and in this instance was greatest in the cluster relating most to H. armigera (red, 0.043) over 273 that defining H. zea (blue, 0.020). The individual belonging to "Brazil zea 2" that was hypothesised to 274 be a hybrid between H. armigera and H. zea (see above) was found to have the highest membership 275 to the red cluster of any H. zea (0.367). K=2 was again selected following the removal of H. zea, but in 276 this instance, identified variation between H. armigera armigera (i.e., "Rest of world") and H. 277 armigera conferta (i.e., Australian H. armigera). Membership of Australian samples indicates a 278 relatively large degree of gene flow (i.e., where red and blue colours are present in the same bar in 279 the figure) between the two sub-species, though expected heterozygosity was greater for the cluster 280 that best defined H. armigera armigera (red, 0.073) over that predominantly associated with H. 281 armigera conferta (blue, 0.057). (Fig. S2) . Of the other H. armigera populations, the 296 Australian population has the lowest observable variation in allele frequency to Brazilian H. armigera 297 as measured by F ST . This is also emulated on PC2 (6.7%), though the reasons for the distribution 298 across PC2 are not clear. H. zea sampled from before and after the incursion of H. armigera do not 299 appear to differ extensively (Fig. S2) . 300 Table 1 (Table 2) instances tested. Furthermore, D is far higher in this instance than in any comparisons between H. 327 armigera populations, which is likely reflective of the population founder event that this species is 328 hypothesised to have undergone (Behere et al. 2007) . 329
Inference of population structure using whole genome sequencing data aligned to BACs To observe the effects of increased resolution provided from alignment over BACs that accounted for 332 a total of 2.3 Mb of the H. armigera genome, we conducted whole genome sequencing across a 333 number of individuals representing several geographic locations (Table S2) . Initially, we aligned reads 334 to all BACs deposited on NCBI, before then looking at population structure derived from a BAC 335 containing a chimeric P450 gene that is considered to be under selection (Joußen et al. 2012) . Initial 336 insights into population specific genetic variation in all BACs were provided by PCA (Fig. 6) , though 337 only PC1 was considered significant (P=6.83x10 Cluster 1 has the next highest expected heterozygosity (yellow, 0.1358), and is most frequently found 359 among 84.2% of Indian H. armigera (86%). Australia and New Zealand (52.4% and 30%, respectively) 360 observe high degrees of membership to cluster 4 (red, expected heterozygosity is 0.0945), while 361
European individuals have the greatest membership to cluster 2 (green, 76.5%). Brazilian individuals 362 have the highest membership to cluster 3 (52.2%), but only 21.7% to cluster 1 and 26.1% to cluster 2 363 (Fig. 7) . 364
Population genetic statistics 365
Values for nucleotide diversity and Tajima's D were calculated across BACs for all species sequenced 366 (Table 3, Table S6 ). Nucleotide diversity, when considered in tandem with Tajima's D can be 367 prescriptive of specific evolutionary scenarios, such as purifying selection (low heterozygosity, 368 negative value of D) or a bottleneck (low heterozygosity and positive value of D), and gauges the 369 frequency of variants under the neutral model of evolution (Kimura 1968 ). The highest value for 370 nucleotide diversity across all BACs belongs to Australian H. armigera (0.018; in agreement with GBS 371 data), and is closely followed by the remainder of the H. armigera populations, the lowest of which 372 are of European origin (0.012). Generally, nucleotide diversity is higher among H. armigera 373 populations than in other species, though the highest seen in other species belongs jointly to H. zea 374 from Brazil, H. assulta, and H. punctigera, at 0.01 each, while the lowest is observed in Heliothis 375 virescens (Table S6) (Table S7) . 402
With regard to population genetic statistics across the BAC derived from clusters of individuals 403 identified in eigenstrat that corroborate with Sanger sequencing, we were able to compare the 404 evolutionary processes affecting genes associated with resistance to the pesticide fenvalerate (Fig.  405   9 ). On average, African samples had the most genetic diversity (0. sourced from a diverse population, has important implications in that the invasive population will 446 possess greater genetic variation that will increase adaptive potential (Lavergne & Molofsky 2007) . 447 This is supported with levels of nucleotide diversity in the Brazilian individuals that are similar to 448 other populations in both high-throughput data sets. We also see the highest levels of inbreeding species distribution to elaborate upon demographic history and were able to highlight candidate 507 genes associated with migration and colour morphology. While the intercontinental spread of 508 migratory species has been documented in several instances, it remains difficult to distinguish the 509 natural spread from an anthropogenic cause, though geographic distances will play a great role in the 510 interpretation. Further work using archived H. armigera, caught early on in the incursion, might 511 therefore be useful for identifying not only the source of the incursion. This would perhaps define 512 the basis for migratory performance while simultaneously defining the role of humans in the spread 513 of H. armigera into the New World. 514
Hybridisation between H. armigera and H. zea 515
The single, clearest distinction that we're able to make throughout these analyses is that between H. 516 armigera and H. zea, though this may become more difficult if H. armigera is able to successfully 517 spread and hybridise throughout the New World. Even the clearly observable distinction made via 518 mitochondrial markers may, in time, represent a series of haplogroups or be lost entirely, as is 519 observable in modern humans, who show genomic evidence for admixture with Neanderthals 520 though no mitochondrial haplogroups exist (Ghirotto et al. 2011; Sankararaman et al. 2012) . It is 521 Sequencing the genomes of these two species will provide not only an insight into the relative 531 ancestry of individuals in the future, but will allow for interpretation of what makes H. armigera such 532 a successful pest. Genomic analyses will also identify additional regions of the genome that are likely 533 to be under selection among emerging populations of H. armigera and this will have implications as 534 to the magnitude of the species as a pest in the New World. For example, using a range of methods 535 that make use of high-throughput sequencing, it is possible to estimate the extent of linkage 536 disequilibrium across the genome and estimate the likelihood of introgression with species-specific 537 haplotypes as in works analysing humans and Neanderthals (Sankararaman et al. 2012 (Sankararaman et al. , 2014 . 538 Therefore, the H. armigera/H. zea model has the potential to act, not only as an exemplary 539 evolutionary model for incursive and introgressive processes, but also as an important indicator of 540 susceptibility in global biosecurity. Indeed, recent work in monarch butterflies made use of whole-541 genome sequencing combined with phenotypes to provide insights into migratory behaviour and 542 morphology (Zhan et al. 2014) . A similar approach would improve the power of such analyses in pest 543 species, although gaining phenotypic data relevant to resistance across a global sampling effort 544 remains a logistical problem. Through the use of whole-genome sequencing, and based upon a 545 wealth of previous work into the bases of resistance, we've been able to show that tight regions implemented in this population rather than a population undergoing purifying selection. Genes 551 associated with resistance to pesticides play a definitive role in monitoring gene flow, are the most 552 relevant for managing agricultural practices, and will play a key role in observing interactions 553 between H. armigera and H. zea in the New World. 554
Conclusion 555
For the majority of H. armigera populations assessed, population structure remains unclear following 556 interrogation with a number of analyses based upon high-throughput sequencing. Though we were 557 unable to resolve populations with more than 12 kb of the mitochondrial genome, we are able to 558 make a number of distinctions that are clearly important to the future of research in this area. 559
Primarily, we are able to suggest that Brazilian H. armigera likely originated from Europe or West 560
Africa, based upon whole genome sequences aligned to BACs. Using the same data, we were able to 561 distinguish a subspecies of H. armigera generally endemic to Australasia and distinct from other 562 populations. This inference was discernible in de novo GBS data, and was also apparent when a gene 563 associated with resistance to fenvalorate was examined. Further analyses demonstrated that this 564 gene is likely under selection and supports the perspective that agriculturally relevant genes can be 565 used to not only monitor the spread of resistance but also to differentiate populations. Importantly, 566
we highlight a potential example of natural hybridisation between H. armigera and H. zea, which sets 567 a strong precedent for future research in establishing the capability of these species to hybridise. The 568 end points presented here supply a series of provocative insights into the recent evolutionary history 569 
